This review summarizes the recent advances in understanding the ecophysiological role and structure-function features of methanotrophic bacteria living in various cold ecosystems. The occurrence of methanotrophs in a majority of psychrosphere sites was verified by direct measurement of their methane-utilizing activity, by electron microscopy and immunofluorescent observations, and analyses of specific signatures in cellular phospholipids and total DNAs extracted from environmental samples. Surprisingly, the phenotypic and genotypic markers of virtually all extant methanotrophs were detected in various cold habitats, such as underground waters, Northern taiga and tundra soils, polar lakes and permafrost sediments. Also, recent findings indicated that even after longterm storage in permafrost, some methanotrophs can oxidize and assimilate methane not only at positive but also at subzero temperatures. Pure cultures of psychrophilic and psychrotolerant methanotrophs were isolated and characterized as new genera and species: Methylobacter psychrophilus, Methylosphaera hansonii, Methylocella palustris, Methylocella silvestris, Methylocella tundrae, Methylocapsa acidiphila and Methylomonas scandinavica. However, our knowledge about their adaptive mechanisms and survival in cold ecosystems remains limited and needs to be established using both traditional and molecular microbiological methods.
Introduction
About 80% of the Earth biosphere has an average annual temperature of 15°C [1] . Cold ecosystems, such as the deep oceans, Arctic soils, Antarctic lakes and permafrost sediments are inhabited by indigenous microorganisms. They have been classified into two groups: the psychrophiles, which grow at subzero to 20°C, optimally at 10-12°C, and the psychrotolerants (or psychrotrophs), which grow at 0°C or below but are capable of growing at temperature as high as 30-32°C , with an optimum >20°C [1] . Study of the biology of psychrophilic/tolerant microorganisms will help us not only to understand the molecular mechanisms of cold adaptation but also the fundamentals of evolution. Moreover, these organisms may provide a new source of strains, genes, enzymes and metabolites for biotechnological applications [2] .
Aerobic methanotrophic bacteria using methane as carbon and energy source are an integral part of many natural ecosystems where methane is produced and consumed. Methanotrophs maintain a balance of atmospheric methane and play a crucial role in the global methane cycle [3, 4] . They typically occur at the aerobic/anaerobic interface of wet environments, e.g., lake sediments, rice paddies, in particular landfill tundra soils and bogs [5, 6] . The methanotrophs use methane diffusing from anaerobic zones and often operate as a biofilter for methane. In this way they reduce and control its potentially hazardous emission to the atmosphere as CH 4 warming. Also, methanotrophs have a significant potential for bioremediation and degradation of ground water pollutants in a wide variety of environments.
All extant methanotrophs have been divided into three major categories: Type I, Type II and Type X, which differ in phylogeny, chemotaxonomy, internal membrane ultrastructure, carbon assimilation pathways and some other biochemical features [3, 7] . Currently, Type I methanotrophs that belong to the c-subdivision of the Proteobacteria and family Methylococcaceae, include six validated genera, i.e., Methylomonas, Methylobacter, Methylomicrobium, Methylosphaera, Methylosarcina and Methylohalobius. They possess lamellar stacks of intracytoplasmic membranes (ICM), assimilate formaldehyde produced from the oxidation of methane or methanol via the ribulose monophosphate (RuMP) pathway and have DNA G + C values from 45 to 55 mol%. In contrast, Type II methanotrophs that belong to the a-subdivision of the Proteobacteria and family Methylocystaceae, include four validated genera: Methylosinus, Methylocystis, Methylocella and Methylocapsa. They generally have ICM located on the cell periphery, a higher level of DNA G + C (60-65 mol%) and assimilate formaldehyde via the serine pathway. The intermediate Type X methanotrophs belong to the Gammaproteobacteria and include Methylococcus and Methylocaldum genera, thermophilic and thermotolerant representatives of which possess ICM similar to those of Type I methanotrophs, but have DNA G + C of 55-65 mol%, the RuMP cycle for formaldehyde assimilation and enzymes of the serine pathway and the ribulose bisphosphate (RuBP) cycle.
As shown, the first step of bacterial methane oxidation is catalyzed by methane monooxygenase (MMO), which occurs in two forms: a membrane-bound or Ôpar-ticulateÕ (pMMO) and a cytoplasmic or ÔsolubleÕ (sMMO). Virtually all known methanotrophs except perhaps, the Methylocella species, possess pMMO that consists of three membrane-associated polypeptides encoded by pmoC, pmoA and pmoB [8] [9] [10] . In addition to pMMO, most Type II (Methylosinus, Methylocystis) and some Type I methanotrophs (Methylomonas, Methylomicrobium) as well as Methylococcus capsulatus (Type X) possess sMMO. The enzyme from the strains belonging to Methylosinus, Methylocystis and Methylococcus has been thoroughly studied and the nucleotide sequence of the sMMO gene cluster mmoX, mmoY, mmoB, mmoZ, mmoC and mmoD appears to be highly conserved. The pmoA gene encoding a 26-kDa subunit that harbors the active site of the pMMO and mmoX gene coding for a-subunit of the sMMO hydroxylase component can be used as appropriate gene markers for the occurrence of the enzymes in various methanotrophs. Methanol dehydrogenase (MDH), the second enzyme involved in methane oxidation, is present in all Gramnegative methylotrophs including methane-and methanol-utilizers and mxaF is an appropriate indicator gene for their occurrence in the natural environment [11] .
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Methylomonas methanica S1 AF 304196 Notably, recent thorough studies have demonstrated that methanotrophs occur in a majority of psychrosphere sites, e.g., ground waters [12] , Northern taiga and tundra soils [13] [14] [15] , polar lakes [16, 17] , and permafrost environments [18] . Psychrophilic and psychrotolerant methanotrophs isolated to date represent the new genera and/or species within a-and c-subdivisions of Proteobacteria (Fig. 1) . We review here wide diversity, important ecophysiological role and structure-function features of methanotrophs found in psychrosphere.
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Main approaches for observation of methanotrophs in cold environments
Isolation of pure cultures of psychrophilic/tolerant methanotrophs forms the basis upon which to explore the structure-function mechanisms involved in cold adaptation, enzyme properties and synthesis of stress protectants, which results in the novel opportunities for biotechnological and bioremediation applications. For a long time, these bacteria were difficult to isolate due to their slow growth rates and overgrowth by other non-methane utilizing bacteria. The development of laboratory enrichment culture conditions imitating the natural habitat of psychrophilic methanotroph has provided the key for their successful isolation. This approach was exemplified by isolation of pure cultures of novel psychrotolerant methanotrophs well adapted to the conditions in cold, acidic, oligotrophic Sphagnum peat bogs [19, 20] . The approach included a kinetic study of 14 C-methane oxidation by intact soil samples, providing in situ data (temperature, pH, mineral salt contents) for optimization of culture conditions. A novel procedure for quantification and isolation of methanotrophs without enrichments has been described recently [21] . Estimation of active methanotrophs in environments.
[ 33, 38] 16S rRNA-based tools The use of methanotroph-specific probes to detect 16S rRNA sequences specific to certain type of methanotrophs Identification of methanotrophs in environmental samples [22] ÔFunctional geneÕ probing by PCR Detection of genes/enzymes specific for methanotrophs (pmoA, mmoX, mxaF)
Identification of methanotrophs in the environmental samples [11, 29, 41] In situ hybridization (ISH) Quantitative hybridization analysis of 16S rRNA from specific groups of methanotrophs Identification and enumeration of methanotrophs in environmental samples [30] Fluorescent in situ hybridization (FISH)
Detection of specifically-stained single cells by the use of fluor-labeled 16S rRNA probes.
Studies of morphology, phylogenetic affiliation and quantification of single cells.
[ [24] [25] [26] [27] mRNA-FISH/rRNA-FISH The simultaneous fluor-labeling of 16S rRNA and specific mRNA Simultaneous estimation of a particular gene expression and identification of single cells [28] Reverse trancriptase PCR (RT-PCR)
Detection and quantification of methanotroph-specific mRNA Cultivation-independent assessment of methanotroph activity in environmental samples [41] Denaturing gradient gel electrophoresis (DGGE)
Separation of the PCR products by DGGE [44, 45] It involves cultivation on polycarbonate membranes and uses non-sterile soil suspensions as buffers consuming metabolites produced by methanotrophs during growth and colony formation. It may be a useful method for isolation of indigenous bacteria that are normally difficult to cultivate. The complexities of the traditional cultivation approaches for the study of methanotrophic communities in extreme ecosystems prompted the use of cultivationindependent molecular methods first comprehensively reviewed by Murrell et al. [22] and listed in Table 1 .
One of the earliest molecular approaches was immunofluorescent microscopy analysis [16, 23] . The use of this method has resulted in detection and enumeration of mesophilic methanotrophs in some cold environments. Precipitated bacteria were directly counted after treating with species-specific immune rabbit sera against proteins or whole cells of methanotroph species followed by treatment with fluoresceinisothiocyanate-labeled donkey serum against the rabbit globulins. However, despite its high sensitivity, this approach does not reflect the real biodiversity because of possible differences in the composition and structure of the cell envelope glycoproteins between extant and non-identified strains. The necessity to have a wide spectrum of the pure cultures of reference methanotrophs is another limiting factor for this method.
A powerful tool in modern microbial ecology is fluorescence in situ hybridization (FISH), which allows to study methanotrophs in environmental samples thus providing information on cell morphology, phylogenetic affiliation and quantification [22, [24] [25] [26] [27] . 16S rRNA gene-targeted fluor-labeled oligonucleotide probes have been designed for detection of methanotrophs at the family, genus and species levels, including previously uncultured organisms. Very recently, a modified FISH protocol for simultaneous detection of mRNA and rRNA in methanotrophs from different environmental samples has been developed [28] . By such a combination of mRNA/FISH and rRNA/FISH, single cells may be taxonomically identified and shown to express a particular gene (e.g., pmoA). However, a limitation of this method is that fluorescence is related to the number of copies of rRNA or mRNA in the cell and it is difficult to detect bacteria that grow poorly in the environment.
The tight phylogenetic clustering of three main types of methanotrophs has allowed the design of a range of oligonucleotide probes that target a variety of methanotrophs [22, 29] . To facilitate ecological studies, new oligonucleotide probes for quantitative hybridization analysis of methanotroph-specific 16S rRNAs at both family and genus levels were designed and optimized [30] . These new probes showed excellent specificity, targeting methanotrophs but excluding closely related non-methanotrophic C 1 -utilizers (methylobacteria).The sequences of Ôfunctional genesÕ that code for pMMO, sMMO and MDH are now available for many methanotrophs [29, 31] .
Another valuable phenotypic marker for detection and enumeration of methanotrophs is membrane phospholipid fatty acid (PLFA) composition [32] [33] [34] . This is due to a high portion of methanotroph fatty acids with a double bond in a very unusual x8 position, i.e., at the 8th carbon atom from the aliphatic end of the molecule. The levels of 16:1x8 or 18:1x8 fatty acids are used for quantification of Type I and Type II methanotrophs, respectively [32, 34] . However, it should be noted that the use of PLFA profile as biomarkers for the methanotrophic population harboring the acidic Sphagnum peat bogs is restricted. Recently isolated acidophilic methanotrophs possess more simple PLFA profiles with the major component 18:1x7c, but lack 18:1x8c or 16:1x8c fatty acids [15, [35] [36] [37] . Nevertheless, the limitations of this method due to restricted known PLFA profiles for methanotrophs as well as their low proportion in bacterial communities can be overcome by radiolabeling of soil samples with 13 CH 4 or 14 CH 4 [33, 38] . The label incorporation and structure of PLFA from soils can be identified by GC/MS after methane incubation and 13 CH 4 pulse labeling. The in situ methane incorporation into traditional and novel methanotroph PLFA biomarkers provides highly specific and sensitive analysis of active components of methanotrophic communities.
Another technique to analyze the structure of methanotrophic communities is denaturing gradient gel electrophoresis (DGGE), which is based on sequence variation in PCR-amplified DNA fragments and thus separates them. The method provides direct comparison of sequence types [22, 39] . High phylogenetic resolution of the methane-oxidizing community and activity of both Type I and Type II methanotrophs was obtained by combining the 14 C-PLFA fingerprinting and DGGE separation of the 16S rRNA gene amplified by PCR. Such a combination has been used to monitor the community structure of methanotrophs in response to changing environmental conditions [40] .
Nucleic acid-based techniques exploiting the physical properties of stable isotopes (DNA-SIP or RNA-SIP) for elucidating the structure and function of methanotrophic communities within complex environmental samples have been developed recently [41] [42] [43] . The important feature of this technique is that the heaviest 13 C-DNA fraction contains the combined genomes of a microbial population that has consumed 13 CH 4 . Separation of heavy and light DNAs using density-gradient centrifugation followed by PCR-analysis of 13 C-DNA, have led to identification of the active methanotrophs in the environment.
DNA microarray technology in high-throughput detection of bacteria and their quantitative assessment have been adapted for methanotrophs and functionally related bacteria [44, 45] . Set of 59 oligonucleotide probes targeting pmoA/amoA genes was constructed and immobilized into a solid surface for hybridization with DNA or RNA from soil microcosms and used for analysis of the methanotrophic community composition. Quantification of methanotrophs in the environmental samples by this method requires the design of a reference mixture consisting of closely related strains and the improvement of DNA isolation and PCR procedures.
In general, analyses of the structure, dynamics and metabolic potential of methanotrophic communities by combining advanced molecular, immunological, radioisotopic and cultural tools will give new insight into biology of methanotrophs in cold ecosystems.
Psychrophilic and psychrotolerant methanotrophs of the Northern peat wetlands
About half of the annual methane flux to the Earth atmosphere is contributed by wetlands. The most extensive wetlands in the Northern hemisphere are the acidic Sphagnum peat bogs [46] . Tundra soils contain 15% of the biosphereÕs total organic carbon. So the response of this large carbon reservoir to global climate warming could be important. There is increasing evidence that the bacterial oxidation of methane is a vital regulator of the CH 4 emission.
Field and laboratory experiments on methane consumption revealed that tundra soils of Unalaska Island and Aleutian Islands consumed methane at soil temperatures of 7°C and at CH 4 concentrations ranging from below to well above ambient levels [46] . These experiments demonstrated that soil oxidation of atmospheric CH 4 ($1.7 ppm) was microbially mediated and indicated a population capable of oxidizing CH 4 at concentrations tenfold lower than the ambient atmospheric concentrations. Negative feedback for atmospheric CH 4 fluxes is therefore possible. Methane consumption rates of 2.7 mg m À2 d À1 were in the ranges reported for other soils thus indicating that methane oxidation can be important in these cold tundra soils. Since the kinetic properties of extant methanotrophs are not consistent with their growth under atmospheric CH 4 concentration, the occurrence of any novel methanotroph having a cold active MMO with a high affinity for CH 4 is a distinct possibility.
Also, concentrations of two PLFAs, 16:1x8c and 18:1x8c, specific for Type I and Type II methanotrophs estimated in Sphagnum-dominated boreal peatlands in Sweden, ranged between 0-73 and 1-486 pmol g À1 of wet peat, respectively. The total PLFA content correlated well with potential methane-oxidizing activity [32] . Based on the approximation of cell volumes for Type I and Type II methanotrophs being equal to those of Methylomonas spp. and Methylosinus trichosporium, the total cell numbers of methanotrophs was calculated as 0.3-51 · 10 6 cells g À1 of wet peat, with a similar proportion of Type I and Type II methanotrophs. As mentioned above, these values may be an underestimate due to the presence of methanotrophs having other PLFA profiles.
Vecherskaya et al. [23] first detected methane-oxidizing activities in the Russian tundra bog soils at in situ temperatures (+7.5 or +9.0°C) in the surface of seasonally thawed layers and at +0.5°C in the layers underlined by permafrost. The highest rate of methane oxidation measured under weakly acidic conditions (pH 4.95-5.7) occurred at the interfaces where CH 4 :O 2 ratio was optimal for methanotrophs, namely, in the water surface layer of moist soils and in the waterlogged moss covers, formed at the boundary of the Sphagnum layer with the peat horizon. After 72 h incubation, up to 40% of added 14 CH 4 was converted into 14 CO 2 and biomass + organic exometabolites in equal proportions. Interestingly, methane oxidation was dependent on the associated plant material. Scanning electron microscopy revealed the presence of bacterial microcolonies on organic residues sampled from the Carex and Sphagnum layers. Bacteria absorbed on the particles gave positive reactions with fluorescent antibodies targeting Methylocystis parvus, Ms. trichosporium, Methylobacter bovis and Mc. capsulatus. Using immunofluorescent microscopy with 14 antibodies against the majority of known methanotrophic species, the methane-utilizers were found through the whole seasonally thawed layer to the underlying frozen layer. The number of methanotrophs in different layers ranged from 0.1 to 22.9 · 10 6 cells g À1 of soil, thus comprising from 1% to 23% of the total bacterial population. The representatives of Methylomonas, Methylobacter, Methylococcus, Methylosinus and Methylocystis genera occurred simultaneously in all soil samples. Type I methanotrophs were more abundant than Type II (61.6% and 38.4%, respectively) and members of the genus Methylobacter were predominant [23] . This first attempt to analyze methanotroph populations in tundra ecosystems showed a wide biodiversity of methanotrophs, however, due to the aforementioned limitations of the method used, it did not reveal the presence of novel organisms.
Microorganisms residing in tundra soils face low temperatures, long periods in the frozen state, high water content due to poor drainage at times causing anaerobiosis, acidic pH and a narrow range of nutrients. Such extreme conditions might favor the existence of multistress resistant methanotrophs, which differ from those in the temperate soil community. A pure culture of psychrophilic methanotroph that grows between 3.5 and 20°C
and optimally at 5 and 10°C was first isolated from tundra soil and identified as a new species Methylobacter psychrophilus [13, 47] . The major differentiating characteristics of this and other psychrophilic methanotrophs are summarized in Table 2 . The in vivo methane oxidation rates as well as the in vitro activities of the enzymes of primary and intermediary C 1 -metabolism decreased substantially as the temperature was lowered from 30 to 5°C. In contrast, the rate of 3 H-leucine incorporation into cell protein was the highest at 10°C and lower at elevated temperatures (15-37°C), thus implying temperature-sensitive synthesis of the cell proteins [13] .
PCR analysis of microbial population in the Canadian Arctic Tundra soils and methanotroph enrichments revealed novel sMMO-possessing methanotrophs that differed from previously described species [10] . Although PCR amplification on total DNA extracted from this environment was not successful when using the Methylosinus/Methylocystis specific primer Ms 1020 [48] or the pmoA-specific primer mb661, the positive signals were obtained with the alternate primers 2b (amplifying a broader spectrum of Methylosinus/Methylocystis 16S rRNA gene sequences and those of non-methanotrophic members of the Methylobacterium genus) [29] and degenerate primers A189 and A682 (targeting pmoA/ amoA genes). However, the primers 2b and mb661 did amplify DNA of methanotrophs enriched from the same soils. 16S rRNA sequences as well as derived PmoA sequences of these sMMO-containing methanotrophs were close but distinct from those of the Methylosinus and Methylocystis. The results clearly indicated that the microbial population in these Arctic soils might contain novel methanotrophs, which differed from previously described species. Thus, such a combination of the molecular microbial ecology and enrichment/isolation strategies enhanced the potential for identifying methanotrophic populations in the environment.
Even though acidic environments are widely distributed throughout the Northern Hemisphere, the acidophilic methanotrophs colonizing these habitats have remained unknown until recently. Use of a medium with very low ionic strength and low pH 3-6 has recently enabled the enrichment of acidophilic methanotrophic communities and isolation of several pure cultures [19, 20] . Acidophilic methanotrophs isolated from Sphagnum peat bogs of boreal and tundra sites in West Siberia and European North Russia and forest soils of North Germany were classified as four new species of two new genera Methylocella (Ml. palustris, Ml. silvestris, Ml. tundrae) and Methylocapsa (Ma. acidiphila) [15, [35] [36] [37] . Sequencing of 16S rRNA gene indicated that they represented a novel lineage of methanotrophic bacteria that was only moderately related to the Methylosinus and Methylocystis (93.0% and 93.8% 16S rRNA sequence identities). However, acidophilic methanotrophs have a high degree of similarity with the heterotroph Beijerinckia indica (96.0-97.0%). The facultative methylotroph and phototroph Rhodopseudomonas acidophila is the next relative with a similarity value of 93.5% (Fig. 1) . Ma. acidiphila was closely related to Methylocella species (95.0-97.3% 16S rRNA sequence identities), while the DNA:DNA hybridization between Ma. acidiphila and Ml. palustris was only 7% [20] .
Methylocella species were shown to possess sMMO with its mmoX gene sequence identities equal to the Methylosinus/Methylocystis group (76.5-78.6%) and Mc. capsulatus Bath (78.0%), thus indicating that the Methylocella mmoX gene forms a separate branch (Fig. 2) . Methylocella species are the only methanotrophs for which the presence of pMMO could not be shown by PCR and hybridization with a pmoA probe [49] . This important distinction, however, was based mainly on the negative results of PCR and therefore needs to be confirmed with other approaches. Moreover, the well-developed ICM system was not observed in Methylocella cells grown under oxygen limitation or in copper sufficient media, while small spherical vesicles (60-100 nm in diameter) were located on the periphery of the cytoplasm. On the contrary, in Ma. acidiphila, well-developed ICM were packed in parallel only on one side of the cell membrane [36] . According to a negative naphthalene test, Ma. acidiphila possessed pMMO, but not sMMO. Its partial pmoA gene sequence exhibited the highest identity to the corresponding gene fragment of Methylosinus/Methylocystis (Fig. 3) .
The physiology of peat bog methanotrophs is quite well suited for the conditions of their natural habitat. Indeed, the Sphagnum peat bogs represent cold acidic and oligotrophic environment with a salt content of about 5-50 mg l À1 . Accordingly, the Methylocella species exhibited a high sensitivity to salt stress and grew better in media with a low salt content (0.2-0.5 g l À1 ). While these bacteria can grow in a wide range of pH (pH 4.2-7.5), their optimal growth occurs at pH 5.0-5.5, which is typical for moderate acidophiles.
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Methylomonas sp.KSWIII BAA84757 Methylomonas sp.LW13 AAG31819 Some peculiarities of central metabolism were found in acidophilic methanotrophs. They use the serine pathway for C 1 -assimilation and the glutamate cycle for NH þ 4 assimilation. Curiously, the activities of the oxidative pentose phosphate pathway enzymes for carbohydrate catabolism (i.e., glucose-6-phosphate and 6-phosphogluconate dehydrogenases) and glutamate dehydrogenase were at almost equal levels to those found in the Type I methanotrophs. These enzymes have not been detected previously in such high levels in the extant serine pathway methanotrophs [35] .
Isolation of Methylocella species from Sphagnum bogs of the European Russia and Western Siberia corroborated that these bacteria might be widely distributed in acidic wetlands of the Northern hemisphere. FISH-based analysis by using specific fluorescent probes revealed Ml. palustris and Ma. acidiphila at relatively high abundance (10 5 -10 6 cells per g of wet peat) in acidic Sphagnum peat bogs in the samples from Russia and northern Germany [25, 27] . The other numerically large subgroup of peatinhabiting methanotrophs consisted of uncharacterized Methylocystis spp. (up to 10 6 cells per g of wet peat). Type I methanotrophs accounted for not more than 1% of total methanotroph populations. Neither Ms. trichosporium nor Ms. sporium were found in the acidic Sphagnum peat bogs by FISH analysis [27] .
Nevertheless, the members of Methylosinus were shown to be present in Arctic soils [39] . The methanotrophic community in Arctic soils from the islands of Svalbard (Norway) was analyzed by combination of group-specific PCR and PCR of the highly variable V3 region of the 16S rRNA gene and then by DGGE [39] . By analysis of DNA extracted directly from soil and from the enrichment cultures at 10 and 20°C, representatives of Methylobacter and Methylosinus were found in all localities studied. PCR analysis of total DNAs isolated from the North taiga and Subarctic tundra soils of Russia revealed the presence of 16S rRNA genes of known methanotrophic genera and pmoA and mmoX genes [14] . In the samples from taiga and tundra soils, the methane assimilation rate was the highest at an incubation temperature of +15°C thus implying the prevalence of psychrophilic and psychrotolerant methanotrophs.
Very recently, several types of psychrotolerant methanotrophic communities associated with plants growing at high humidity were found in the Russian Arctic Tundra [50] . Their potential ability to oxidize methane at +5°C increased with the depth of the soil profile, while paralleled the decrease in soil temperature. The methanotrophic communities thriving in the tundra bog soil were composed of morphologically and physiologically different methane-utilizers: (i) rods morphologically similar to M. psychrophilus were predominant at pH 5-7 and 5-15°C; (ii) bipolar cells resembling those of Ml. palustris were enriched at pH 4-6 and 10-15°C ; (iii) large coccoids having thick mucous capsules were enriched only at pH 5-7 and 5-10°C. A medium with low mineral salt content (60.6 g l À1 ) was used for all enrichments. No methanotrophs were found among the microflora of the upper green portion of moss and lichen or those associated with plants growing in arid areas. However, both the members and activities of methane-oxidizing bacteria were significant in plants grown at high humidity. The methanotroph relationships with wetland and tundra plants will be interesting to examine. The population density of methanotrophs appeared to increase in the zones of methane formation, namely in flooded anaerobic regions with intense methanogenesis. Further details on the biology of acidophilic methanotrophs from Sphagnum peat bogs can be found in the recent review by Dedysh [20] .
Psychrophilic methanotrophs in Eastern Antarctica
Antarctica provides permanently cold terrestrial environments as well as aquatic niches in the surrounding ice Nitrosococcus oceanus C-107 AAB57809
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Methylocystis that melts in summer and produces microbial ''blooms''. The processes of bacterial methanogenesis via CO 2 reduction and methane oxidation were revealed in the bottom sediments and in the water column of the permanently ice-covered lakes of Bunger Hills oasis in Eastern Antarctica [16] . The newly formed methane in anaerobic sediments was immediately oxidized by methanotrophs and hence, no CH 4 accumulated in perennially ice-covered water bodies. The profiles of methane oxidation correlated well with those of methane concentration and numbers of methanotrophs. Using immunofluorescent method, methanotrophs were enumerated as 2.2 · 10 3 to 52 · 10 3 cells per ml. Their number, as a proportion of the total count of bacteria, ranged from 2.5% to 4.8%, which was 2-4 times lower than in lakes of temperate latitudes or marine basins [16] . Since only immune sera for mesophilic methanotrophs were used for estimation of community structure, the psychrophilic methanotrophs might have been missed.
In contrast, psychrophilic methanotrophs have been enumerated in many marine-salinity meromictic lakes in Eastern Antarctica, Ace and Burton Lakes, formed about 10,000 years ago [17] . These lakes are ice-covered almost all year long and differ widely in chemical characteristics including salinity, redox potential and temperature. So methanotroph numbers in the chemocline of Ace and Burton Lakes were three orders of magnitude lower than those found in Antarctic lakes of the Bunger Hills and represented only a small proportion (<0.1-1%) of the total bacterial population. This distinction may be related to the methods used for methanotrophs numbering: in Ace Lake only viable methanotrophs were enumerated using the cultural MPN methods at 5°C while immune sera against extant methanotroph species were used for analysis of community structure in lakes of Bunger Hills oasis. Their amount was below the level normally detectable by PLFA profiling, hence, the lipid biomarkers 16:1x8c or 18:1x8c, which some methanotrophs synthesize, were not detected in the sediments of these Antarctic lakes. The slow input of organic matter into Ace Lake and low ambient temperature have resulted in low methane production rates (<2.5 mol kg À1 d À1 ) and very little methane diffused into the oxic zone. Nevertheless, the methanotroph population was still sustained.
Eight psychrophilic strains of the Antarctic methanotrophs were isolated and classified as the new taxon Methylosphaera hansonii [17] .The members of this single phenotypic group are the non-motile large coccoids, which do not form resting cells, reproduce by constriction, and employ the RuMP pathway for C 1 -assimilation (Table 2) . Also, the isolates were able to fix dinitrogen under atmospheric oxygen levels. Their cellular fatty acid profile consists mainly of 16:1x8c (37-41%), 16:1x6c (17-19%), 16:1x7c (15-19%) and 16:0 (14-15%). The DNA G + C content is very low (43-46 mol %). The isolates form a distinct line of descent in the family Methylococcaceae with the closest relative being Louisiana Slope methanotrophic mytilidae endosymbiont (91.8-92.3% sequence similarity of 16S rRNA gene). They grew optimally at marine salinity; however, seawater could not be substituted by NaCl alone. The isolates were psychrophiles, growing well at 0°C and optimally at 10-13°C, which is only slightly higher than the summer in situ temperatures in Ace Lake. Maximal growth temperatures of M. hansonii strains are in the range of 16-21°C. The combination of cold adaptation and seawater requirements appears to be a frequent event, which has been observed in these Antarctic psychrophilic isolates with ecophysiology well suited to the marine salinity [17] .
The Siberian permafrost methanotrophs
Significantly, permafrost underlies about 20% of the EarthÕs surface. Fine-dispersed permafrost rocks are specific natural depositories for viable aerobic and anaerobic microbial communities and total counts of microorganisms in permafrost sediments are only one order of magnitude less than in tundra soils [51] . Moreover, there is new evidence that, due to the presence of unfrozen water in permafrost soils strongly bound to soil particles, the metabolic activity of cold-adapted microorganisms occurs at sufficiently high levels to be measurable. The activity of microorganisms measured at À20°C as 14 C-acetate incorporation into lipids by native microbial population of the Siberian permafrost corresponded to a doubling time of 160 days [52] . The presence of CH 4 and CO 2 in permafrost rocks is conventionally thought to be the result of microbial activity in soil during the period preceding its freezing. If permafrost will be thawn as predicted by global climate warming, the viable microbial communities may be actively involved in various biogeochemical processes, including emission and uptake of the carbon-containing greenhouse gases. These processes will depend on the ratio of methanogenic and methanotrophic components of microbial communities.
Very recently, the existence of viable methanotrophic bacteria in the Siberian permafrost sediments has been verified by using radioisotopic and molecular techniques [18] .
14 CO 2 production from 14 CH 4 at +5°C was detected in samples taken from the upper permafrost boundary layer (0.4 m depth, up to 1000 years of age) and deeply located permafrost layers (2-50 m, 10,000-100,000 years). In 4 of 15 samples studied, 14 CH 4 was incorporated into acid-stable products thus implying the process of methane assimilation. Several samples consumed methane at incubation temperature of À5°C and the oxidation rate was sometimes higher than that at +5°C.
The methane oxidizing activity by permafrost samples from holocene layer (frozen $1000 years ago and characterized by temperature fluctuations) was most active during incubation at +5°C. Alternatively, samples from the pleistocene layer (frozen $1 million years ago and characterized by the constant ambient temperature À10°C) oxidized methane at incubation temperatures À10, À5, À1.5, and +10°C but were more active at +26°C. These results implied a good viability of mesophilic methanotrophs at constant subzero temperature and mostly psychrophilic and psychrotolerant at prolonged temperature fluctuations.
PCR methodology with the appropriate gene markers [14, 22, 29, 30] , shows that methanotrophic communities in the Kolymskaya lowland permafrost sediments, aged 1-100,000 years, might consist of members of the Methylomicrobium, Methylobacter, Methylomonas, Methylosinus/Methylocystis, Methylocella, Methylosphaera, Methylococcus and Methylocaldum [18] . Additionally, 16S rRNA genes specific for Methylomicrobium, Methylobacter, Methylococcus and Methylocella were detected in total genomic DNA extracted from the permafrost sediments aged up to 3 million years. To date, it is not clear whether psychrophilic/psychrotolerant methanotrophs or cold-adapted mesophilic and thermotolerant ones are responsible for methane oxidation at low and subzero temperatures. It might be speculated that the cysts, exospores or additional glycoprotein surface layers (S-layers) forming by many methanotrophs aid in their survival and viability.
Altogether, these findings support the idea that even after long-term storage in permafrost (from 1 thousand to 1.8-3 million years) methanotrophs are able to oxidize and assimilate methane not only at positive but also at negative temperatures [14, 18] . Our studies of bulk permafrost revealed a wide diversity of methanotrophs because the representatives of virtually all presently known genera of methanotrophic bacteria were found in these samples. Further work is required to clarify the taxonomic position and phylogeny of permafrost methanotrophs as well as the mechanisms of their adaptation and survival during long-term cryoconservation.
The Fennoscandian deep ground water methanotrophs
Deep ground waters in the Northern countries are permanently cold. The existence of an active microbial population in Canadian and Fennoscandian subterranean igneous rock water has been established with the total number of bacteria ranging from 10 3 to 10 7 cells per ml of ground water [53] . Methanogenic archaea were present and active in deep igneous rock aquifers (446 m below sea level) [54, 55] . Methane is a common gas in deep ground waters and it may occasionally constitute a major pool of organic carbon at concentration as high as 1 mM. Many aquifers contain high amounts of reduced iron and manganese, resulting in depletion of oxygen in ground water. Nevertheless, PCR-based analysis of the genes coding for sMMO or pMMO and MDH implied the presence of methanotrophs belonging to the genera Methylomonas, Methylococcus, Methylobacter and Methylomicrobium in the Swedish deep igneous rock aquifers [12] . Furthermore, psychrotolerant methanotrophs were enriched from the ground and pond waters. A red-pigmented, motile methanotroph growing between 5 and 30°C and optimally at 15°C was isolated and classified as the new species, Methylomonas scandinavica [12] . It was the first report of the occurrence of psychrotolerant methanotrophs in anoxic subterranean environments ( Table 2 ).
The quantification of methanotrophs by MPN analysis showed their occurrence in the range from 10 2 to 8 · 10 4 cells per ml of water. Hence, methanotrophs live in deep igneous rock aquifers and appear to play a specific trophic role in these environmental niches: assimilating methane and providing available carbon sources and growth factors (possibly methanol, formaldehyde, formate, carbon dioxide, vitamins or amino acids) for the other members of the microbial community.
Outlook
In many extreme habitats methanotrophs may be subjected to many different environmental stresses. These were initially considered in our previous review on the biology of extremophilic/tolerant methanotrophs [56] . In this review, we focus on recent advances in understanding of the global distribution, ecophysiological role and phylogeny of cold-adapted methanotrophs. Of particular importance is that some of them belong to recognized genera, whereas others form novel genera and species based on their phylogeny and phenotype. The current survey of methanotrophic communities of different cold ecosystems provides exciting information and suggests that their composition is rather diverse and may be a source of novel methanotrophs as well as new genes, enzymes and metabolites. Although the molecular mechanisms of cold adaptation and survival are poorly understood in methanotrophs, their intensive genomic and proteomic analyses will shed more light on the fundamentals of this phenomenon. At the moment, it is not clear how C 1 metabolic machinery operates in coldadapted methanotrophs compared to other psychrophilic or psychrotolerant prokaryotes. Taken together, the data described herein highlight several new challenges that modern microbiologists face in their studies of genes coding for the proteins and factors or signals responsible for adaptation and survival of methanotrophs in cold ecosystems. The appearance of the first complete annotated genome of Mc. capsulatus (Bath) [57] provides a blueprint for further study of methanotrophs and their responses to changing environments.
